The 3'and 5'-terminal nucleotide sequences of the defective interfering (DI) RNAs present in a preparation of DI influenza virus were determined. It was found that all DI RNAs possessed identical terminal sequences for at least the first 13 nucleotides at the 5' end and at least the last 12 nucleotides at the 3' end. The sequence of the DI RNAs is (5')A'). In addition, the same sequences were present at the 3' and 5' termini of the viral polymerase genes (P1, P2, and P3) from which these DI RNAs originate. These results indicate that DI RNAs of influenza virus are formed by an internal deletion of the genomic RNA.
Defective interfering (DI) animal viruses are noninfectious viruses that interfere with the replication of standard viruses (1, 2) . DI influenza virus is produced after repeated undiluted passage of the virus (3) , and over 99% of the infectious virus population is replaced by DI virus (4) . The DI influenza virus has small virus-specific RNA molecules not present in the standard virus (4) (5) (6) (7) . Recently it has been directly demonstrated that the ribonucleoprotein complexes of these new deleted forms of the viral RNA specifically cause interference (8) .
In a previous report (9) the sequence relationships among these DI-RNAs and their relationship to the standard eight viral genes were studied by oligonucleotide mapping. Because each clone of influenza virus produces a unique set of DI RNAs when passaged (4) , several DI RNAs are present in each DI virus preparation. All the DI RNAs studied thus far (9) have been found to be forms of one of the viral polymerase genes (P1, P2, or P3) from which sequences have been deleted. Comparison of the oligonucleotide maps of DI RNAs and P genes revealed that the DI RNAs originating from the same polymerase gene were related in one of two ways. Either they contained completely overlapping regions or each contained both overlapping and nonoverlapping regions (9) . This latter group of DI RNAs could not be formed from the progenitor RNA by a mechanism of common initiation and simple deletion from one end as reported for vesicular stomatis virus (10) and Sendai virus (11) . We therefore proposed (9) internal deletion of the progenitor virion RNA as one possible model for the formation of influenza DI RNAs.
We have now determined the sequences of the 3' and 5' ends of three DI RNAs present in a DI influenza virus preparation as well as the sequences of the 3' and 5' ends of the polymerase genes. The sequence analysis of the DI RNAs and their progenitor genes indicates a model for the formation of influenza DI RNAs quite different from that proposed for other negative-stranded viruses (1, 11) .
MATERIALS AND METHODS
Viruses and Cells. DI L virus was produced after four undiluted passages of ts-52 influenza virus (a group II temperature-sensitive mutant of WSN influenza virus) in MDBK cells (bovine kidney) and amplified by coinfection with infectious WSN virus as described (4, 9) . The DI RNAs (LI, L2, and L3) of DI L virus have been shown directly to be the cause of viral interference (8) and originate from the polymerase genes. RNA segments VI, V2, and V3 correspond to P3, P1, and P2 genes, respectively (12) . Two of these DI RNAs (L2, Mr 2.5 X 105 and L3, Mr 1.3 X 105) arise from the P1 gene (Mr, 1 X 106). Additionally, L3 has all the RNase Ti oligonucleotides present in L2 (9) . L2 also contains a minor contaminating DI RNA originating from the P3 gene (Mr 1 X 106). The third, Li, is also a deleted form of the P3 gene (9) .
Preparation of 3'-and 5'-Labeled RNAs. Viral RNA (vRNA) was extracted from a suspension of purified virus (13) . The RNA was labeled at its 3' end as described (14) in a reaction containing 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) at pH 8.3, 10 mM MgCI2, 10% (vol/vol) dimethyl sulfoxide, 15% (vol/vol) glycerol, 5 MM ATP, 3 mM dithiothreitol, RNA ligase (P-L Biochemicals) from phage T4-infected Escherichia coli at 350 units/ml, 0.8 MM cytidine 3',5'-bis[32P]phosphate (New England Nuclear), and vRNA at 50-200 ,ug/ml. Incubation was for 16 hr at 4°C. To label the 5' end, [5] [6] [7] [8] [9] [10] Mg of vRNA in 50 mM Tris-HCI, pH 8.0, was incubated 30 min at 37°C with 0.05 unit of purified (15) calf intestine alkaline phosphatase. The reaction mixture was adjusted to 10 mM potassium phosphate (pH 9.5)/10 mM MgCI2/4 mM dithiothreitol/0.6,MM [y-32P]ATP (16)/polynucleotide kinase (P-L Biochemicals) from T4-infected E. coli at 40 units per ml, and incubation was continued for 1 hr at 37°C. After labeling, reaction mixtures were adjusted to 10 mM EDTA/0.4 M NaCl/1% sodium dodecyl sulfate and extracted with phenol/chloroform/isoamyl alcohol (24:24:1, vol/vol), and the RNA was precipitated with ethanol. The labeled RNA was then fractionated on 2.2% polyacrylamide/0.6% agarose gels as described (4, 9) . RNA was eluted from gels by the procedure of Maxam and Gilbert (17) .
Sequence Analysis. Terminally labeled RNAs were subjected to partial hydrolysis by ribonucleases of different base specificities as described by Donis-Keller et al. (18) . Ribonucleases T1 (Sankyo) and A (Worthington) were used at ratios of 0.01 and 0.001 unit/Mg of RNA, respectively, in a reaction mixture containing 20 mM sodium citrate at pH 5.0, 1 mM EDTA, 7 M urea, 0.025% bromophenol blue, and 0.025% xylene cyanol FF. After heating of the sample for 5 min at 50°C, reaction mixtures were incubated for 15 min at 50°C. RNase U2 Abbreviations: DI, defective interfering; vRNA, viral RNA. 215
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Polyacrylamide/agarose gel electrophoresis of 3'-and 5'-labeled DI-L virus. DI-L viral RNA was labeled at either the 3' (left) or 5' (right) end and fractionated by electrophoresis on 2.2% polyacrylamide/0.6% agarose gels for 15 hr at 140 V and 250C. vRNA segments V1-V8 correspond to genes P3, P1, P2, HA, NP, NA, M, and NS, respectively (12) . was used under similar conditions except that no urea was added. RNase Phy I (P-L Biochemicals) was used at a ratio of 0.03 unit/sug of RNA in a reaction mixture containing 10 mM NaOAc at pH 5.0 and 1 mM EDTA for 15 min at 370C as described by Simoncsits et al. (19) . Partial alkaline digestion (18) was in 50 mM NaHCO3, pH 9.0/1 mM EDTA at 90'C for 15 min. Formarnide digestion (19) was for 2 hr at 100GC in freshly deionized formamide. Two methods were used to determine nucleotide sequences. In the first, digests were subjected to electrophoresis in 20% polyacrylamide gels containing 7 M urea (14) . In the second, terminally labeled RNA partially digested with either alkali (3'-end-labeled RNA) or formamide (5'end-labeled RNA) was analyzed by two-dimensional slab gel electrophoresis as described (9) . This technique allows sequence determination based upon net charge of fragments at pH 3.5 in the first dimension and upon fragment chain length in the second dimension (20, 21) . 
RESULTS
Sequence at the 3' End of DI RNA and the Polymerase Genes. The RNA of DI L virus was labeled at its 3' end and fractionated by electrophoresis on a polyacrylamide/agarose gel (Fig. 1) . L1, L2, and L3 were isolated from the gel. In addition, RNA from infectious WSN virus was similarly labeled and a mixture of the three polymerase genes (P1, P2, and P3) was isolated. Each of these isolated RNAs or RNA mixtures was digested with ribonucleases A, T1, and U2, and the digests were fractionated on 20% polyacrylamide gels (Fig. 2 ). To resolve uncertainties in the sequence, the RNAs were also subjected to partial digestion in alkali and analyzed by two-dimensional gel electrophoresis (Fig. 3 ). Individual base asignments were made according to mobility shifts resulting from each nucleotide addition (20, 21) . Addition of a C residue retards migration in the first dimension, resulting in a shift to the right, whereas addition of a U residue accelerates migration, resulting in a shift to the left. Additions of A and G residues cause smaller shifts to the right and left, respectively. The assignment of C and U residues was further checked by using RNase Phy 1, which cleaves at all residues except C (ref. 19 , data not shown). The 3'-terminal nucleotide of vRNAs and DI RNAs was found to be Up (data not shown) after complete digestion of the RNA with RNase T2 followed by separation of the resulting nucleoside 3'-monophosphates on polyethyleneimine-cellulose thin-layer plates (22) .
As illustrated in the oligonucleotide fingerprints ( Fig. 3) , L1, L2, and L3 RNAs have identical sequences for the first 12 nucleotides. This 12-nucleotide sequence is also identical to that of the progenitor polymerase genes, P1, P2, and P3 (Fig. 3 , Table 1 ). Sequence at the 5' End of DI RNA and the Polymerase Genes. The 5'-labeled DI RNAs of DI L virus ( Fig. 1 ) and the 5'-labeled polymerase RNAs of infectious WSN virus were fractionated on polyacrylamide/agarose gels and eluted for sequence analysis. Fig. 4 shows examples (L1 and P1/P2/P3) of the sequence at the 5' end obtained by using partial digestion with ribonucleases, followed by fractionation by polyacrylamide gel electrophoresis. Assignments of U and C residues were checked by using RNase Phy 1. Additionally, the RNAs were subjected to partial digestion with formamide and analyzed by two-dimensional gel electrophoresis (Fig. 5 ). The 5'terminal nucleotide in all cases was found to be pA (data not shown) after analysis of P1 nuclease digests on polyethylene-imine-cellulose thin-layer plates (23) . The sequence analysis shows that the 5' termini of Li, L2, and L3 are identical for 13 nucleotides. This sequence is also identical to that of the combined polymerase genes (Table 1) .
At position 13 of the 3' end and position 14 of the 5' end the sequence of LI diverges from that of L2 and L3 (Table 1) . Nucleotide 13 from the 3' end is an A for LI and G for L2 and L3. Nucleotide 14 from the 5' end is a U for LI and an A or C for L2 and L3. This may be a reflection of the progenitor of each DI RNA in that Li originates from P3 and L2 and L3 originate from the P1 gene as previously determined by oligonucleotide mapping (9) . The sequences beyond the first 13 nucleotides at the 5' end and before the last 12 nucleotides at Table 1 . Nucleotide sequences of the 3' and 5' ends of DI vRNAs and combined polymerase genes (P1, P2, and P3) RNA Sequence
Parentheses indicate that only one of the two nucleotides is present. The presence of more than one nucleotide at a given position indicates divergence of PI, P2, and P3 genes. Polyacrylamide gel electrophoresis of partial digestion products of 5'-32P-labeled RNA. RNAs P1/P21P3 and Li labeled at their 5' ends were eluted from polyacrylamide/agarose gels and digested with RNase, Ti, RNase A, RNase U2, or formamide (L). the 3' end appear to diverge among different vRNA segments (24) . Comparison of the partial sequences of Li, L2, and L3 after position 12 with those of the polymerase genes reveals that sequences present in the DI RNA are also present in the combined polymerase genes. This suggests that the sequence from 12 to approximately 20 at the 3' and 5' ends of the progenitor vRNAs are also preserved in the DI RNAs.
DISCUSSION
The above data show that the 3'-and 5'-terminal sequences of DI RNAs are identical to the 3'-and 5'-terminal sequences of their progenitor polymerase RNAs for 12 and 13 nucleotides, respectively. These terminal sequences are also the same as those derived for other influenza type A viruses such as fowl plague virus (25) and PR/8/34 (24) . Indeed, Desselberger et al. (24) have recently shown that all eight genes of A/PR/8/34 have the same 13-nucleotide sequence at the 5' end and the same 12-nucleotide sequence at the 3' end with one change from C to U at position 4 of the 3' end of the HA and NP genes.
The 3'-and 5'-terminal sequences of the DI RNAs and vRNA do not show complete inverted complementarity. Up to position 12 there are mismatches at positions 3 (G and U), 4 (C and A), 5 (U and G), 8 (C and A), and 11 (C and A). Therefore, influenza DI RNAs cannot be formed by "copy-back" synthesis on a nascent replicative intermediate that results in the formation of 3' and 5' complementary termini. Thus influenza DI RNAs are formed by a mechanism different from that suggested for the formation of DI RNAs of other negative-stranded viruses. In defective vesicular stomatitis virus it has been suggested that the 5' end of DI RNAs is the same as that of genomic viral RNA and that the 3'ends of DI RNAs are complementary to the 5'end but different from the 3' end of viral RNA (26) (27) (28) (1, 11) . The absence of complete inverted complementarity in influenza virus DI RNAs and the identity of the DI RNA ends to the ends of progenitor genomic RNA do not allow such a mechanism for the formation of influenza DI RNAs. This was suggested earlier (5, 9) by the low RNase resistance of influenza DI RNAs. Our present data indicate most strongly that influenza DI RNA is formed by internal deletion 'of the genomic RNA. In this respect influenza DI RNA may be similar to the DI RNAs present in positivestranded viruses. For Semliki Forest virus and Sindbis virus, DI RNAs share both 5'-and 3'-terminal sequences of genomic RNA (29) (30) (31) . Such internal deletion has also been found in the formation of the DI RNA of poliovirus (32, 33) . Recently we have reported (9) that some influenza DI RNAs contained completely overlapping regions whereas others do not. These latter classes of DI RNAs cannot be explained by a single initiation point from one end and simple deletion from the other end. We further suggested the possibility of internal deletion. in this report we find that internal deletion is probably a common pathway in the formation of most if not all DI RNAs of influenza virus. The extent and nature of deletion for different DI RNAs is unknown at present. 
